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Introduction {#sec001}
============

Autism spectrum disorder (ASD) is a neurodevelopmental disorder, and it has been reported to show a pandemic rise in recent decades. The most recent survey in the United States shows that one in 59 eight-year-old children has been diagnosed with ASD \[[@pone.0230930.ref001]\]. The reason for the rise might include changes in diagnosis, although paternal aging has been suggested as one of the biological factors. For example, meta-analyses of 5,766,794 children born from 1985--2004 in five countries have revealed a significant association between advanced paternal age and ASD risk in children \[[@pone.0230930.ref002]\].

Aging induces *de novo* mutations in the genome of sperm, and most of the mutations in autistic children are reported to be inherited from fathers \[[@pone.0230930.ref003]\]. However, a study using a mathematical model has demonstrated that the risk of psychiatric illness from *de novo* mutations derived from advanced paternal age has been estimated as 10--20% \[[@pone.0230930.ref004]\]. Therefore, some factors other than genetic mutations can influence the health and disease of offspring.

One possible mechanism for paternal aging effects on offspring is changes to the epigenetic information encoded in sperm. Previously, we have reported that sperm derived from aged mice have more hypomethylated regions in their genome that possibly affect offspring's behavior \[[@pone.0230930.ref005]\]. However, the age-related alteration of histone modifications, another major epigenetic regulation, remains unclear. Sperm is produced through dynamic and complicated processes, termed spermatogenesis, which includes meiosis (in spermatocytes) and morphological changes to produce mature sperm. Considering frequent chromatin remodeling during spermatogenesis, alteration of histone modifications would have a high impact on spermatogenic processes. Additionally, some histone modifications remain in sperm after the histone-to-protamine replacement \[[@pone.0230930.ref006]--[@pone.0230930.ref009]\]. For example, it has been reported that histones remain in genomic regions that function in early developmental stages \[[@pone.0230930.ref010]\], and that alteration of histone retention sites in sperm can be inherited by the next generation \[[@pone.0230930.ref011]\]. Therefore, features of histone moiety in spermatogenesis would provide essential clues for understanding gene regulation after fertilization and subsequent development of offspring. Nevertheless, little is known about the localization patterns of histone modifications in male germline cells and the changes they undergo during aging.

Here, we first produced comprehensive histological profiles of major histone modifications, including histone H3 lysine 9 trimethylation (H3K9me3) and H3K27 acetylation (ac), during murine spermatogenesis, and the individual epigenetic modifications showed dynamic and distinct localization changes. We further examined the influence of aging on histone modifications in each step of spermatogenesis, and we found that the levels of histone modification during spermatogenesis were differentially affected by aging. We also noticed the accumulation of H3K79me3 on sex chromosomes. Further elucidation of how aging-induced epigenetic changes contribute to altered gene regulation in the offspring would provide insight into the influence of paternal aging on the health and disease state of the next generation.

Materials and methods {#sec002}
=====================

Animals {#sec003}
-------

C57BL/6J mice at 3 months old were purchased from a breeder (Charles River Laboratories, Japan) and were raised to 12 months old at the Institute for Animal Experimentation at the Tohoku University Graduate School of Medicine; they were then used for histological and semiquantitative analyses. All animals were housed in standard cages in a temperature- and humidity-controlled room with a 12-hour light/dark cycle (light on at 8 am), and they had free access to standard food and water. All experimental procedures were approved by the Ethics Committee for Animal Experiments of the Tohoku University Graduate School of Medicine (\#2017- MED210), and the animals were treated according to the National Institutes of Health guidance for the care and use of laboratory animals.

Histological analyses of histone modifications {#sec004}
----------------------------------------------

Histological analysis was performed based on a previous our report \[[@pone.0230930.ref012]\]. Mice were anesthetized with isoflurane and perfused with PBS (pH 7.4) to remove blood. After perfusion, the testes were dissected, immersed in 4% PFA in PBS, and cut in half to be postfixed in 4% PFA overnight at 4°C. After washing in PBS, the testes were cryoprotected by being immersion in 5% and 10% sucrose in PBS solution for 1 hour each and then 20% sucrose in PBS solution overnight; then, the tissues were embedded in OCT compound (Sakura Finetek, Japan). Frozen testis sections were cut at a thickness of 10-μm on a cryostat (Leica, CM3050).

Next, 0.01 M citric acid (pH 6.0) solution was heated using a microwave and kept between 90°C and 95°C on a heat plate with gentle stirring. The sections were submerged in the solution for 10 minutes for antigen retrieval. The solution and sections were left to cool to 40--50°C and were then washed in 1×Tris-based saline containing 0.1% Tween 20 (TBST) (pH 7.4). Then, the sections were blocked by treatment with 3% bovine serum albumin and 0.3% Triton X-100 in PBS. The sections were incubated at 4°C overnight with the following primary antibodies at a dilution of 1/500: rabbit anti-H3K4me2 (07--030, Millipore), rabbit anti-H3K4me3 (ab8580, Abcam), rabbit anti-H3K9me3 (ab8898, Abcam), rabbit anti-H3K27me2 (ab24684, Abcam), rabbit anti-H3K27me3 (07--449, Millipore), rabbit anti-H3K27ac (ab4729, Abcam), rabbit anti-H3K79me2 (ab3594, Abcam), rabbit anti-H3K79me3 (ab2621, Abcam). Together with the antibody against each histone modification, the antibody mouse anti-SCP3 (ab97672, Abcam), a spermatocyte marker, was applied for easy evaluation for staging the testis tubes. Information on the primary antibodies is summarized in [Table 1](#pone.0230930.t001){ref-type="table"}. Subsequently, either a Cy3- or Alexa488-conjugated secondary antibody (1:500) was applied together with 4'6-diamino-2-phenylindole (DAPI), and the sections were incubated at RT for one hour in a humid chamber. After washing in TBST at room temperature, specimens were mounted in Vectashield (Vector Laboratories, H-1200) or ProLong^™^ Diamond Antifade Mountant (Invitrogen, P36965). Images were captured using a confocal laser-scanning microscope (LSM780, Carl Zeiss, Jena, Germany).

10.1371/journal.pone.0230930.t001

###### List of primary antibodies used in this study.

![](pone.0230930.t001){#pone.0230930.t001g}

  Antibody name                                                                      Source              Dilution   Company (Catalogue)     Reference
  ---------------------------------------------------------------------------------- ------------------- ---------- ----------------------- ----------------------------------------------------------------------------
  anti-H3K4me2                                                                       rabbit polyclonal   1/500      Millipore (07--030)     \[[@pone.0230930.ref013]--[@pone.0230930.ref015]\]
  anti-H3K4me3                                                                       rabbit polyclonal   1/500      Abcam (ab8580)          \[[@pone.0230930.ref016]--[@pone.0230930.ref018]\]
  anti-H3K9me3                                                                       rabbit polyclonal   1/500      Abcam (ab8898)          \[[@pone.0230930.ref019]--[@pone.0230930.ref021]\]
  anti-H3K27ac                                                                       rabbit polyclonal   1/500      Abcam (ab4729)          \[[@pone.0230930.ref022]--[@pone.0230930.ref024]\]
  anti-H3K27me2                                                                      rabbit polyclonal   1/500      Abcam (ab24684)         \[[@pone.0230930.ref025], [@pone.0230930.ref026]\]
  anti-H3K27me3                                                                      rabbit polyclonal   1/500      Millipore (07--449)     \[[@pone.0230930.ref024], [@pone.0230930.ref027]--[@pone.0230930.ref029]\]
  anti-H3K79me2                                                                      rabbit polyclonal   1/500      Abcam (ab3594)          \[[@pone.0230930.ref030]--[@pone.0230930.ref032]\]
  anti-H3K79me3                                                                      rabbit polyclonal   1/500      Abcam (ab2621)          \[[@pone.0230930.ref033]--[@pone.0230930.ref035]\]
  anti-SCP3                                                                          mouse monoclonal    1/500      Abcam (ab97672)         \[[@pone.0230930.ref036]--[@pone.0230930.ref038]\]
  anti-α-Tubulin ([S2 Fig](#pone.0230930.s004){ref-type="supplementary-material"})   mouse monoclonal    1/500      Sigma-Aldrich (T6199)   \[[@pone.0230930.ref039], [@pone.0230930.ref040]\]

All antibodies are commercially available, and their specificity has been reported in previous studies.

Semi-quantitative analyses of histone modifications {#sec005}
---------------------------------------------------

Confocal images of testis sections were semiquantitatively analyzed using ImageJ. SCP3 signals were used to select meiotic cells during spermatogenesis. First, we selected the "Region of Interest (ROI)" by identifying the nuclear area stained with DAPI. Then, the fluorescent intensity of DAPI and histone modifications in the ROI were measured, and the mean intensity was calculated for each signal intensity (total signal intensity/nuclear area). According to a previous literature \[[@pone.0230930.ref041]\], the mean intensity of histone modifications was subsequently normalized to the mean intensity of the DAPI signal (mean intensity of antibody signal/mean intensity of DAPI signal). We measured the integrated intensity of DAPI signal at each stage to show that DAPI staining was stable and reflects changes of DNA amount ([S1 Fig](#pone.0230930.s003){ref-type="supplementary-material"}). Compared to the intensity of pachytene spermatocytes, the intensity of round spermatid (after meiosis) was about half. The DNA amount was variable in the preleptotene and metaphase spermatocytes, where DNA synthesis and chromosomal segregation occurs, respectively. Finally, the mean of young group was set as 1, and the intensity of the aged group was plotted as a relative score. We analyzed male germline cells in several tubules from four different young (3 months old) or aged (12 months old) mice, yielding 50 cells to be analyzed for each stage and each histone moiety (50 cells x 12 types of cells were analyzed for each box plot in young group and aged group, respectively). We categorized the normalized intensity of the young testis as--(not detected), + (normalized intensity \<0.4), ++ (0.4--0.6), +++ (0.6--0.8), ++++ (0.8--1.0), and +++++ (1.0\<), as shown in [Table 3](#pone.0230930.t003){ref-type="table"}. The graphs were drawn using the R \[[@pone.0230930.ref042]\] and ggplot2 \[[@pone.0230930.ref043]\] packages. The line on the box indicates the median. Scores of individual cells from young and aged testes are shown as black and red dots, respectively, over box plots in Figs [3-1](#pone.0230930.g003){ref-type="fig"} to [4-3](#pone.0230930.g004){ref-type="fig"}.

Statistical analysis {#sec006}
--------------------

Wilcoxon rank-sum tests were used to determine statistical significance between the young and aged groups at each stage using the statistical analysis software JMP^®^ Pro 14 (SAS Institute Inc., Cary, NC, USA). Values of \*p \< 0.05 and \*\*p \< 0.01 were considered statistically significant.

Results {#sec007}
=======

1. Morphological profiles showing histone modification patterns during spermatogenesis {#sec008}
--------------------------------------------------------------------------------------

Male germline cells drastically change their morphology during spermatogenesis. Previous studies have shown the localization of H3K79me2/3 in spermatocytes and spermatids as well as the accumulation of H3K4me, H3K9me and H3K27me during transformation from spermatogonia to elongated spermatids \[[@pone.0230930.ref034], [@pone.0230930.ref035], [@pone.0230930.ref044]--[@pone.0230930.ref047]\]; however, comprehensive detailed subcellular localization patterns have not been fully examined. Here, we first investigated the localization of major histone modifications from preleptotene spermatocytes to elongated spermatids according to 12 stages based on a previous report \[[@pone.0230930.ref048]\]. This staging helped us to morphologically follow each step of spermatogenesis without any marker staining.

### (1) Histone modifications that activate gene expression {#sec009}

First, we examined active marks for gene expression, i.e., H3K4me2, H3K4me3, H3K27ac, H3K79me2 and H3K79me3.

H3K4me2 signal was observed in all stages of seminiferous tubules. During stage VIII, in which the earliest meiotic spermatocytes (i.e., preleptotene cells) are located near the periphery of the tubule, H3K4me2 was detected in the whole nucleus of preleptotene cells, though the signal was not found in constitutive heterochromatin ([Fig 1-1A](#pone.0230930.g001){ref-type="fig"}, arrowhead 1). The signal persisted throughout meiosis ([Fig 1-1A](#pone.0230930.g001){ref-type="fig"}, arrowheads 2--6). In the pachytene cells of stage X, a strong signal was detected on the XY body ([Fig 1-1A](#pone.0230930.g001){ref-type="fig"}, arrowhead 7). The accumulation of H3K4me2 on the XY body disappeared in the M-phase spermatocytes at stage XII, and only a weak signal was observed in the chromosomes ([Fig 1-1A](#pone.0230930.g001){ref-type="fig"}, arrowhead 8). In round spermatids from stage I to VIII and in elongated spermatids at stage X, the signal was widely detected in the nucleus but not in the chromocenter (constitutive heterochromatin) ([Fig 1-1A](#pone.0230930.g001){ref-type="fig"}, arrowheads 9--12). Thus, the H3K4me2 modification seemed to indicate that it was first present in preleptotene cells, and then it accumulated on the XY body in late pachytene cells. Through spermatogenesis, H3K4me2 was not detected in the chromocenter ([Fig 1-1B](#pone.0230930.g001){ref-type="fig"}).

![Localization of H3K4me2 (1--1), H3K4me3 (1--2), H3K27ac (1--3), H3K79me2 (1--4), and H3K79me3 (1--5) in male germline cells in the young (3 M) testis.\
(a) Representative confocal images of histone marks (magenta) and SCP3 (green) in the seminiferous epithelium in stages I, V, VIII, X and XII. Nuclei were counterstained with DAPI (blue). The numbers with an arrowhead indicate an individual cell at the specific stage during spermatogenesis, as shown in [Table 2](#pone.0230930.t002){ref-type="table"}. Scale bar: 20 μm. Negative controls (without primary antibodies) are shown in Fig 1--1. (b) Magnified images of the cells indicated by arrowheads in (a), and subcellular localization of each histone modification in the young testis is shown in magenta in a graphical summary. The upper panels are merged images of histone marks (magenta) and DAPI (blue), and the lower panels are grayscale images for the histone marks. Each parenthesis represents the stage of spermatogenesis (see [Table 2](#pone.0230930.t002){ref-type="table"}.).](pone.0230930.g001){#pone.0230930.g001}
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###### The cells and stages indicated by each number and their abbreviations.
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  Number   Cell and stage                            Abbreviation (Stage)
  -------- ----------------------------------------- ----------------------
  1        preleptotene spermatocyte at stage VIII   pL (VIII)
  2        leptotene spermatocyte at stage X         L (X)
  3        zygotene spermatocyte at stage XII        Z (XII)
  4        pachytene spermatocyte at stage I         P (I)
  5        pachytene spermatocyte at stage V         P (V)
  6        pachytene spermatocyte at stage VIII      P (VIII)
  7        pachytene spermatocyte at stage X         P (X)
  8        M phase spermatocytes at stage XII        M (XII)
  9        round spermatid at stage I                R (I)
  10       round spermatid at stage V                R (V)
  11       round spermatid at stage VIII             R (VIII)
  12       elongated spermatid at stage X            E (X)

While H3K4me2 was observed beginning in preleptotene cells ([Fig 1-1B](#pone.0230930.g001){ref-type="fig"}), the H3K4me3 signal was not detected between preleptotene cells to pachytene cells ([Fig 1-2A](#pone.0230930.g001){ref-type="fig"}, arrowheads 1--7). H3K4me3 was first detected in M-phase spermatocytes in stage XII seminiferous tubules ([Fig 1-2A](#pone.0230930.g001){ref-type="fig"}, arrowhead 8). The signal was broadly distributed on condensed chromosomes ([Fig 1-2B](#pone.0230930.g001){ref-type="fig"}, arrowhead 8). After meiosis II, the signal was detected in round spermatids at stages I to VIII, though there was no signal in the chromocenter ([Fig 1-2A](#pone.0230930.g001){ref-type="fig"}, arrowheads 9--11). In elongated spermatids, the signal was weak and widely detected in the whole nucleus ([Fig 1-2A](#pone.0230930.g001){ref-type="fig"}, arrowhead 12). Thus, localization of the H3K4me3 modification appeared later in meiosis, and the signal was weak compared to the H3K4me2 modification ([Fig 1-2B](#pone.0230930.g001){ref-type="fig"}).

H3K27ac signal was observed in all stages of seminiferous tubules. At stage VIII, in which the earliest meiotic cells (i.e., preleptotene cells) were located near the periphery of the tubule, strong H3K27ac signals were detected in whole nuclei of preleptotene cells ([Fig 1-3A](#pone.0230930.g001){ref-type="fig"}, arrowhead 1). While the signal continued throughout meiosis, the intensity dramatically decreased when preleptotene cells differentiated into leptotene cells ([Fig 1-3A](#pone.0230930.g001){ref-type="fig"}, arrowhead 2--5). In stage VIII pachytene cells, a strong signal was detected on the XY body ([Fig 1-3A](#pone.0230930.g001){ref-type="fig"}, arrowhead 6). The accumulation of H3K27ac on the XY body disappeared in the pachytene cells of stage X and in the M-phase spermatocytes of stage XII, and only a weak signal was observed in the whole nucleus or chromosomes ([Fig 1-3A](#pone.0230930.g001){ref-type="fig"}, arrowheads 7--8). In round spermatids from stage I to V, the signal was widely detected in the nucleus, especially in the peri-chromocenter (putative sex chromosome) ([Fig 1-3A](#pone.0230930.g001){ref-type="fig"}, arrowheads 9--10). The strong signal at the peri-chromocenter disappeared in stage VIII round spermatids ([Fig 1-3A](#pone.0230930.g001){ref-type="fig"}, arrowhead 11). The H3K27ac signal increased again in elongated spermatids, suggesting that H3K27ac is required for spermiogenesis ([Fig 1-3A](#pone.0230930.g001){ref-type="fig"}, arrowhead 12). Thus, localization of the H3K27ac modification seemed to indicate that it was first present in preleptotene cells, and then it accumulated on the XY body in late pachytene cells and on the putative sex chromosome during early to middle stages of round spermatids ([Fig 1-3B](#pone.0230930.g001){ref-type="fig"}).

In pachytene spermatocytes from stage VIII to stage X, the H3K79me2 signal was widely detected in the nucleus ([Fig 1-4A](#pone.0230930.g001){ref-type="fig"}, arrowheads 6 and 7). In M-phase spermatocytes at stage XII, the signal was broadly observed on the condensed chromosomes ([Fig 1-4A](#pone.0230930.g001){ref-type="fig"}, arrowhead 8). In round spermatids at stage I, a weak H3K79me2 signal was observed in most of the nucleus, with the exception of the chromocenter ([Fig 1-4A](#pone.0230930.g001){ref-type="fig"}, arrowhead 9). Interestingly, a strong H3K79me2 signal was observed in the peri-chromocenter (putative sex chromosome) in round spermatids from stage V to stage VIII ([Fig 1-4A](#pone.0230930.g001){ref-type="fig"}, arrowheads 10 and 11), while no signal was observed on the chromocenter itself. In elongated spermatids at stage X, the strong signal on the putative sex chromosome disappeared ([Fig 1-4A](#pone.0230930.g001){ref-type="fig"}, arrowhead 12). Thus, localization of the H3K79me2 modification seemed to indicate that it was first present in the late pachytene spermatocytes and to accumulate on the putative sex chromosome during most stages of round spermatids ([Fig 1-4B](#pone.0230930.g001){ref-type="fig"}).

While H3K79me2 was observed in late pachytene cells ([Fig 1-4B](#pone.0230930.g001){ref-type="fig"}), the H3K79me3 signal was not detected in any pachytene cells. H3K79me3 was first detected in M-phase spermatocytes in stage XII seminiferous tubules ([Fig 1-5A](#pone.0230930.g001){ref-type="fig"}, arrowhead 8). Unlike H3K79me2, the H3K79me3 signal was not distributed on all condensed chromosomes; rather, it was found on specific chromosomes ([Fig 1-5A](#pone.0230930.g001){ref-type="fig"}, arrowhead 8). After meiosis II, the signal was not detected in stage I round spermatids ([Fig 1-5A](#pone.0230930.g001){ref-type="fig"}, arrowhead 9). However, in round spermatids from stage V to stage VIII, a broad H3K79me3 signal was observed again in the nucleus, and a strong signal was detected in the peri-chromocenter (putative sex chromosome) ([Fig 1-5A](#pone.0230930.g001){ref-type="fig"}, arrowheads 10--11). In stage X elongated spermatids, the signal was widely observed in the nucleus ([Fig 1-5A](#pone.0230930.g001){ref-type="fig"}, arrowhead 12). Thus, the H3K79me3 modification appeared in the late stage of meiosis and accumulated on the putative sex chromosome of round spermatids. A specific area of condensed chromosomes showed a strong H3K79me3 signal during the M-phase ([Fig 1-5B](#pone.0230930.g001){ref-type="fig"}).

### (2) Histone modifications that inhibit gene expression {#sec010}

Next, we examined repressive marks: H3K9me3, H3K27me2 and H3K27me3.

H3K9me3 was detected in all cell types examined in this study. Broad nuclear signals were observed from preleptotene spermatocytes at stage VIII to pachytene spermatocytes at stage V with strong punctate signals in the periphery of the nucleus ([Fig 2-1A](#pone.0230930.g002){ref-type="fig"}, arrowheads 1--5). In pachytene spermatocytes at stage VIII and stage X, only dot-like signals were detected ([Fig 2-1A](#pone.0230930.g002){ref-type="fig"}, arrowheads 6--7). These dotted signals matched with intense DAPI signals, indicating areas of heterochromatin. Consistent with a previous report \[[@pone.0230930.ref049]\], H3K9me3 was especially localized on the sex chromosome of stage XII M-phase spermatocytes ([Fig 2-1A](#pone.0230930.g002){ref-type="fig"}, arrowhead 8). In round spermatids of stage I through elongated spermatids of stage X, the signal was detected on the chromocenter and peri-chromocenter (putative sex chromosome) ([Fig 2-1A](#pone.0230930.g002){ref-type="fig"}, arrowheads 9--12). Thus, localization of H3K9me3 modification seemed to indicate that it was first present in preleptotene spermatocytes, and then it accumulated on the sex chromosome in M-phase spermatocytes, where it stayed until late round spermatids ([Fig 2-1B](#pone.0230930.g002){ref-type="fig"}).

![Localization of H3K9me3 (2--1), H3K27me2 (2--2) and H3K27me3 (2--3) in male germline cells in the young (3 M) testis.\
(a) Representative confocal images of histone marks (magenta) and SCP3 (green) in the seminiferous epithelium at stages I, V, VIII, X and XII. Nuclei were counterstained with DAPI (blue). The numbers with an arrowhead indicate individual cells at specific stages during spermatogenesis, as shown in [Table 2](#pone.0230930.t002){ref-type="table"}. Scale bar: 20 μm. (b) Magnified images of the cells indicated by arrowheads in (a), and subcellular localization of each histone modification in the young testis is shown in magenta in a graphical summary. The upper panels are merged images of histone marks (magenta) and DAPI (blue), and the lower panels are grayscale images showing the histone marks. Each parenthesis represents the stage of spermatogenesis (see [Table 2](#pone.0230930.t002){ref-type="table"}.).](pone.0230930.g002){#pone.0230930.g002}

H3K27me2 was detected in the nucleus of stage X leptotene cells through stage X pachytene cells in a salt-and-pepper manner ([Fig 2-2A](#pone.0230930.g002){ref-type="fig"}, arrowheads 2--7). In M-phase stage XII spermatocytes, the signal was broadly observed on all chromosomes ([Fig 2-2A](#pone.0230930.g002){ref-type="fig"}, arrowhead 8). In round stage I spermatids, strong dot-like signals were observed on the chromocenter, and there were also weak and broad signals in the nucleus ([Fig 2-2A](#pone.0230930.g002){ref-type="fig"}, arrowhead 9). The dot-like signals were observed until stage VIII round spermatids ([Fig 2-2A](#pone.0230930.g002){ref-type="fig"}, arrowheads 10--11), and they disappeared in elongated spermatids at stage X ([Fig 2-2A](#pone.0230930.g002){ref-type="fig"}, arrowhead 12). Thus, localization of the H3K27me2 modification was first observed in leptotene cells, and it accumulated on the chromocenter of all stages of round spermatids; however, the signal was relatively weak through spermatogenesis ([Fig 2-2B](#pone.0230930.g002){ref-type="fig"}).

H3K27me3 was detected in all cell types examined in this study except for preleptotene cells. In stage X leptotene cells through stage X pachytene cells, the signal was broadly but faintly detected in the nucleus ([Fig 2-3A](#pone.0230930.g002){ref-type="fig"}, arrowheads 2--7). In M-phase stage XII spermatocytes, the signal was widely observed on all chromosomes ([Fig 2-3A](#pone.0230930.g002){ref-type="fig"}, arrowhead 8). In stage I round spermatids through stage X elongated spermatids, strong dot-like signals were observed on the chromocenter in addition to the weak and broad signals in the nucleus ([Fig 2-3A](#pone.0230930.g002){ref-type="fig"}, arrowhead 12), while strong dot-like signals of H3K27me2 disappeared in elongated spermatids at stage X ([Fig 2-3A](#pone.0230930.g002){ref-type="fig"}, arrowhead 12). Thus, localization of the H3K27me3 modification seemed to indicate that it was first present in leptotene cells, which is the same timing as H3K27me2, and then H3K27me3 accumulated on the chromocenter in early round spermatids ([Fig 2-3B](#pone.0230930.g002){ref-type="fig"}).

The above localization patterns of histone modifications during spermatogenesis are shown in [Table 3](#pone.0230930.t003){ref-type="table"}. In summary, H3K4me2 was detected in preleptotene cells through elongated spermatids, and H3K27ac was detected in leptotene cells through elongated spermatids. These two modifications were detected at the early stage of spermatogenesis, while other activation marks were detected at the later stage of spermatogenesis. All repressive marks examined in this study were detected at the early stages of spermatogenesis. All activation marks except H3K4me3 showed specific accumulation on the XY body in pachytene cells or on a sex chromosome in round spermatids, while all repressive makers accumulated on the chromocenter (i.e., constitutive heterochromatin). Only H3K9me3 accumulated on both sex chromosomes and the chromocenter.

10.1371/journal.pone.0230930.t003

###### Summarized histone modification levels during spermatogenesis and their aging-associates changes.

![](pone.0230930.t003){#pone.0230930.t003g}

             pL(VIII)   L (X)    Z(XII)   P(I)     P(V)     P(VIII)   P(X)     M(XII)   R(I)     R(V)     R(VIII)   E(X)     Specific note   
  ---------- ---------- -------- -------- -------- -------- --------- -------- -------- -------- -------- --------- -------- --------------- -----------------------------------------------------
  H3K4me2    Young      ++++     +++++    ++++     +++      +++       \+       ++       ++++     +++++    +++++     ++++     +++++           Accumulation on XY body
  Aged       ↓↓\*\*     ↓↓\*\*   ↓↓\*\*   ↓↓\*\*   ↓↓\*\*   ↓↓\*\*    ↓↓\*\*   ↓↓\*\*   ↓↓\*\*   ↓↓\*\*   ↓↓\*\*    ↓↓\*\*                   
  H3K4me3    Young      \-       \-       \-       \-       \-        \-       \-       ++++     ++++     +++++     ++++     ++++             
  Aged       \-         \-       \-       \-       \-       \-        \-       ↓↓\*\*   →        →        →         →                        
  H3K27ac    Young      +++++    \+       \+       \+       ++        ++       ++       \+       ++       ++        ++       +++++           Accumulation on XY body and sex chromosomes
  Aged       →          ↓↓\*\*   ↓\*\*    \*       ↓\*\*    →         ↓↓\*\*   →        \*\*     →        →         \*\*                     
  H3K79me2   Young      \-       \-       \-       \-       \-        \+       \+       ++       ++       +++++     +++++    ++++            Accumulation on sex chromosomes
  Aged       \-         \-       \-       \-       \-       →         \*\*     →        →        →        \*        \*\*                     
  H3K79me3   Young      \-       \-       \-       \-       \-        \-       \-       ++++              ++        ++++     +++++           Accumulation on sex chromosomes
  Aged       \-         \-       \-       \-       \-       \-        \-       \*\*     \-       →        ↓\*       ↓\*\*                    
  H3K9me3    Young      ++       +++      +++      +++      +++       \+       \+       \+       \+       \+        ++       ++              Accumulation on sex chromosomes and heterochromatin
  Aged       ↓↓\*\*     ↓↓\*\*   ↓↓\*\*   ↓↓\*\*   ↓↓\*\*   ↓↓\*\*    ↓↓\*\*   ↓↓\*\*   ↓\*      \*       ↓\*       →                        
  H3K27me2   Young      \-       \+       \+       \+       ++        ++++     ++       ++       ++       +++       ++       ++              Accumulation on heterochromatin
  Aged       \-         \*\*     \*\*     \*\*     \*\*     ↓\*       \*\*     \*\*     \*\*     \*\*     →         →                        
  H3K27me3   Young      \-       +++      ++       ++       ++        ++       ++++     +++      +++      ++++      +++++    +++++           Accumulation on heterochromatin
  Aged       \-         ↓↓\*\*   \*\*     \*\*     \*\*     \*\*      ↓↓\*\*   →        \*\*     \*\*     →         →                        

Accumulation levels of histone modifications that activate (red) and inhibit (blue) gene expression are shown. Each histone modification level in male germline cells derived from young mice is indicated as--(not detected), + (normalized intensity \<0.4), ++ (0.4--0.6), +++ (0.6--0.8), ++++ (0.8--1.0), and +++++ (1.0\<) (Actual values for intensity young male germline cells are shown in [S1 Table](#pone.0230930.s002){ref-type="supplementary-material"}). Arrows show histone modification levels of male germline cells derived from aged mice compared to that of young mice. Single up/down arrows indicate that a signal was increased/decreased by less than 20% of the mean intensity compared to the signal from young animals. Double up/down arrows indicate that the signal was increased/decreased by more than 20% compared to the signal from young animals. Right arrows indicate that there were no significant differences between young and aged animals (\*p \< 0.05, \*\*p \< 0.01). Specific localization or accumulation is described in the specific notes section.

2. Semi-quantitative analyses of histone modifications in young and aged testes {#sec011}
-------------------------------------------------------------------------------

We next performed semiquantified analyses to examine whether the intensity of histone modifications is different between young and aged testes. We used 12-month-old mice for the aged group because we previously confirmed that the fertility of \>12-month-old male mice was not changed, nor was the litter size of offspring derived from fathers at this age different, yet these offspring showed a significant difference in behavior \[[@pone.0230930.ref005], [@pone.0230930.ref050]\]. Moreover, these results are consistent with data from other papers reporting alterations of social behaviors in adult offspring derived from aged fathers \[[@pone.0230930.ref051], [@pone.0230930.ref052]\]. The histone modification signals were measured by ImageJ. The intensity of histone modifications was normalized to that of DAPI in the nucleus or chromosomes. The intensity of individual cells was plotted to show their individual changes because only one sperm cell will eventually be fertilized to develop a new individual.

### (1) Histone modifications that activate gene expression {#sec012}

No difference was observed in the localization patterns of H3K4me2/3, H3K27ac, and H3K79me2/3 in young and aged testes ([Fig 3-1A, 3-2A, 3-3A, 3-4A and 3-5A](#pone.0230930.g003){ref-type="fig"}). However, semiquantitative analyses revealed differences in intensity levels among the observed histone modifications.

![Comparison of localization patterns and intensity of H3K4me2 (3--1), H3K4me3 (3--2), H3K27ac (3--3), H3K79me2 (3--4) and H3K79me3 (3--5) in male germline cells in young (3M) and aged (12M) testes.\
(a) Representative confocal images of histone marks in male germline cells in young and aged testes. In each group, upper panels are merged images of histone marks (magenta) and DAPI (blue), and lower panels show the grayscale images for histone marks. An illustrated overview shows subcellular localization of each histone modification (magenta) in male germline cells in young and aged testes. The numbers indicate individual cells at specific stages during spermatogenesis, as shown in [Table 2](#pone.0230930.t002){ref-type="table"}. (b) Semiquantitative analysis of histone marks in male germline cells in young and aged testes. Gray boxes show the intensity of aged cells relative to young cells (\*\*p \< 0.01, \*p \< 0.05, n.d., not detected). Black and red dots show relative intensity of individual cells from young and aged testes, respectively. Each number in parenthesis represents the stage of spermatogenesis (see [Table 2](#pone.0230930.t002){ref-type="table"}.).](pone.0230930.g003){#pone.0230930.g003}

The intensity levels of H3K4me2 in the cells were lower at all specific stages of spermatogenesis in the aged testis than in the young testis ([Fig 3-1B](#pone.0230930.g003){ref-type="fig"}). However, the intensity levels of H3K4me3 were not significantly different in most of the cells. Only in M-phase spermatocytes at stage XII was H3K4me3 intensity lower in the aged testis than in the young testis ([Fig 3-2B](#pone.0230930.g003){ref-type="fig"}). The intensity levels of H3K27ac were lower in leptotene spermatocytes at stage X, zygotene spermatocytes at stage XII, pachytene spermatocytes at stages V and X in the aged testis than in the young testis ([Fig 3-3B](#pone.0230930.g003){ref-type="fig"}). However, higher intensity was detected in pachytene spermatocytes at stage I, round spermatids at stage I and elongated spermatids at stage X in the aged testis. In other cells, there were no significant differences. Compared with the young testis, higher intensity of H3K79me2 was detected in stage X pachytene spermatocytes, stage VIII round spermatids, and stage X elongated spermatids ([Fig 3-4B](#pone.0230930.g003){ref-type="fig"}) of the aged testis. However, other cells showed no difference in the intensity level. A higher intensity of H3K79me3 was detected in M-phase spermatocytes at stage XII of the aged testis than in the young testis, while a lower intensity was observed in round spermatids at stage VIII and elongated spermatids at stage X ([Fig 3-5B](#pone.0230930.g003){ref-type="fig"}).

Interestingly, H3K79me3 signal was strongly detected on specific chromosomes in M-phase spermatocytes at stage XII ([S2A Fig](#pone.0230930.s004){ref-type="supplementary-material"}). According to previous report, H3K79me3 accumulates on sex chromosomes in diakinesis to M-phase spermatocytes \[[@pone.0230930.ref035]\]. Therefore, we suspected that the chromosome on which H3K79me3 accumulated were sex chromosomes. To identify the sex chromosome that H3K79me3 associated with, we took an advantage of combining immunostaining with fluorescence in situ hybridization (FISH) on the same slide. First, immunostaining was performed to detect H3K79me3 signals in M-phase matocytes ([S2B Fig](#pone.0230930.s004){ref-type="supplementary-material"}). After images were captured using confocal microscopy, FISH was performed using probes that recognize X and Y chromosomes, which was followed by capturing FISH images of the same slides to obtain three signals ([S2C Fig](#pone.0230930.s004){ref-type="supplementary-material"}). Signals of H3K79me3 overlapped with those of X and Y chromosomes at the same position within the nucleus of M-phase spermatocytes. Finally, we confirmed that H3K79me3 specifically accumulated on the sex chromosomes in M-phase spermatocytes at stage XII.

### (2) Histone modifications that inhibit gene expression {#sec013}

No differences were observed in the localization patterns of H3K9me3 and H3K27me2/3 in young and aged testes ([Fig 4-1A](#pone.0230930.g004){ref-type="fig"},[4-2A and 4-3A](#pone.0230930.g004){ref-type="fig"}). However, semiquantitative analyses revealed differences in intensity levels among the histone modifications observed.

![Comparison of localization patterns and intensity of H3K9me3 (4--1), H3K27me2 (4--2) and H3K27me3 (4--3) in male germline cells in young (3M) and aged (12M) testes.\
(a) Representative confocal images of histone marks in male germline cells in young and aged testes. In each group, the upper panels are merged images of histone marks (magenta) and DAPI (blue), and the lower panels show grayscale images for histone marks. An illustrated overview shows subcellular localization of each histone modification (magenta) in male germline cells in young and aged testes. The numbers indicate individual cells at specific stages during spermatogenesis, as shown in [Table 2](#pone.0230930.t002){ref-type="table"}. (b) Semiquantitative analysis of histone marks in male germline cells in young and aged testes. Gray boxes show the intensity of aged cells relative to young cells (\*\*p \< 0.01, \*p \< 0.05, n.d., not detected). Black and red dots show relative intensity of individual cells from young and aged testes, respectively. Each number in parenthesis represents the stage of spermatogenesis (see [Table 2](#pone.0230930.t002){ref-type="table"}.).](pone.0230930.g004){#pone.0230930.g004}

The intensity levels of H3K9me3 were lower in almost all the cells of the aged testis than it was in the young testis ([Fig 4-1B](#pone.0230930.g004){ref-type="fig"}). However, higher intensity was detected in stage V round spermatids in the aged testis. There were no significant differences in elongated spermatids at stage X. In contrast to H3K9me3, the intensity levels of H3K27me2 were higher in almost all cells of the aged testis, and only pachytene cells at stage VIII showed lower intensity in the aged testis than in the young testis ([Fig 4-2B](#pone.0230930.g004){ref-type="fig"}). Similar to the results for H3K27me2, almost all stages of cells showed higher intensity of H3K27me3 in the aged testis than in the young testis ([Fig 4-3B](#pone.0230930.g004){ref-type="fig"}). Only in stage X leptotene spermatocytes and stage X pachytene spermatocytes were lower intensity detected in the aged testis. There were no significant differences in other cell types.

The above intensity of histone modifications in the young and aged testes is shown in [Table 3](#pone.0230930.t003){ref-type="table"}. In summary, histone modifications were altered by aging, and the alteration patterns were different per the type of each histone modification. Among the repressive marks, H3K9me3 levels were decreased in the aged testis, while H3K27me2 and H3K27me3 levels were increased during spermatogenesis. On the other hand, the intensity level of one activation mark, H3K4me2, was drastically decreased in spermatogenic cells of the aged testis. Other histone modifications also showed differences at some stages.

Discussion {#sec014}
==========

In this study, we have made a catalog showing the transition of histone modification localization during spermatogenesis and its aging-induced changes. Since our ultimate goal is to understand molecular mechanisms that underlie risks for neurodevelopmental diseases of children from the paternal side, we focused on age-related alteration of histone modification in individual male germline cells. Individual histone modifications showed distinct localization patterns and different timing in terms of the start of their accumulation. Even among the histone modifications that have similar functions, different localization patterns were observed. Moreover, the intensity of histone modifications was altered by aging; aged testes showed different increased/decreased signals of histone modifications at different stages. There were some outliers in certain types of cells and stages; it might be possible that the cells/stages with several outliers could be critical timings vulnerable to alteration of histone modification during spermatogenesis.

We also identified a chromosome on which H3K79me3 accumulated in M-phase spermatocytes. H3K79me3 accumulated on sex chromosomes in M-phase spermatocytes and round spermatids. Morphologically, it is revealed that not only H3K79me3 but also other histone modifications, such as H3K79me2, H3K27ac and H3K9me3, accumulated on putative sex chromosomes or on the XY body. The intensity of these histone modifications specifically accumulated on the putative sex chromosomes or XY body was also altered by aging at some stages. Therefore, the epigenetic regulation of histone modifications may be different between sex chromosomes and other chromosomes, which may also be affected by aging.

A previous study reported that H3K4me2, a gene expression activation mark, showed dynamic alterations during spermatogenesis. H3K4me2 started to show a strong signal at the preleptotene spermatocytes, became weak in zygotene spermatocytes, and returned stronger again beginning in round spermatids in young mice \[[@pone.0230930.ref045]\]. Such dynamic alteration of H3K4me2 was also observed in our data; however, the level of H3K4me2 was decreased significantly through spermatogenesis in the aged testis compared to the young testis. It has been reported that overexpression of human KDM1A histone lysine 4 demethylase during spermatogenesis in mice caused a decrease in H3K4me2, leading to various phenotypic abnormalities such as craniofacial and skeletal defects, edema, hemorrhagic gut, extra digits, and missing eyes in E18.5 offspring \[[@pone.0230930.ref053]\]. The report further shows that the age-related decrease of H3K4me2 may possibly affect the spermatogenic process and that epigenetic alterations can be inherited by the next generation. Considering that H3K4 methylation may play a critical role in spermatogenesis and oogenesis \[[@pone.0230930.ref044], [@pone.0230930.ref054]\], the age-related decrease in H3K4me2 might lead to potential harmful effects in the offspring.

Another example of a histone modification involved in the inhibition of gene expression is H3K9me3. We observed its accumulation in spermatogonia, pachytene spermatocytes, round spermatids and elongated spermatids, and it accumulated on the X chromosome in round spermatids, as reported in previous studies \[[@pone.0230930.ref055]--[@pone.0230930.ref058]\]. At the pachytene stage of meiosis I, genes on sex chromosomes are transcriptionally shut down by meiotic sex chromosome inactivation (MSCI) and are reactivated after meiosis \[[@pone.0230930.ref059], [@pone.0230930.ref060]\], to which H3K9me3 is reported to be involved \[[@pone.0230930.ref055]\]. It was also revealed that if there was no enrichment of H3K9me3, remodeling and silencing of sex chromosomes failed and resulted in germ cell apoptosis \[[@pone.0230930.ref049]\]. In postmeiotic spermatids, 87% of X-linked genes remain suppressed, while autosomes were largely active \[[@pone.0230930.ref061]\]. Moreover, spermatids form a distinct postmeiotic sex chromatin (PMSC) area that is enriched with H3K9me3 \[[@pone.0230930.ref061], [@pone.0230930.ref062]\]. Thus, H3K9me3, a repressive mark, has various roles during meiosis and in the postmeiotic phase. Our data showed that H3K9me3 appeared first in preleptotene spermatocytes and was observed through elongated spermatids, and then its levels drastically decreased in the aged testis during meiosis and in most of the stages of round spermatids. It is assumed that in the aged testis, failure of correct chromosome segregation during meiosis or leaky expression of X-linked genes might occur in the postmeiotic spermatids, even though the male germline cells safely proceed through meiosis.

Another repressive mark, H3K27me3, was present from leptotene cells to elongated spermatids. A study has reported that H3K27ac may act as an antagonist toward Polycomb-mediated silencing through inhibition of H3K27me3 \[[@pone.0230930.ref063]\]. H3K27ac signals were observed in all examined stages of male germline cells, especially in preleptotene cells and elongated spermatids. It is very interesting that H3K27ac and H3K27me3 showed exclusive localization in round spermatids; the former accumulated on the sex chromosome, while H3K27me3 accumulated on the chromocenter, a heterochromatic region. Therefore, the absence of H3K27ac (an activation mark) and the presence of H3K27me3 (a repressive mark) in the chromocenter may be reasonable with regard to gene regulation. We found that H3K27me3 was dramatically increased in the aged testis, while H3K27ac showed a slight decrease at certain stages. H3K27me3 inhibits transcription by inducing a compact chromatin structure \[[@pone.0230930.ref064], [@pone.0230930.ref065]\]. Thus, gene expression influenced by H3K27me3 might be more repressed in the aged testis than in the young testis.

Although there are limitations in our semiquantitative analyses using immunostaining signals, our data showing accumulation of H3K9me3, H3K27ac and H3K79me3 on sex chromosomes are considered to correspond to previous ChIP-seq data \[[@pone.0230930.ref066]\]. We were able to observe detailed dynamics of histone modifications during spermatogenesis by precisely distinguishing stages and cell types, and such segregation of cell types may be difficult in the preparation of samples for ChIP-seq analyses. A single-cell analysis would thus be interesting to perform in the future.

In a parallel study, we noticed that there were more hypomethylated genome regions in sperm derived from aged mice than there were in sperm from young mice \[[@pone.0230930.ref005]\]. Here, we observed a drastic decrease of H3K4me2 (an active mark), which seems at first to be contradictory. However, DNA hypomethylation has been observed more frequently in the gene body, not in promoter regions \[[@pone.0230930.ref005]\]. DNA hypomethylation does not always activate transcription, and methylation in the gene body is reported to be related to transcriptional activation \[[@pone.0230930.ref067]\]. Therefore, our results seem to be consistent. Moreover, we showed a drastic decrease of H3K4me2 (an active mark) and an increase of H3K27me2/3 (a repressive mark), yet we also noticed a decrease of H3K9me3 (a repressive mark). This seems reasonable because it has gradually been indicated that H3K27me2/3 and H3K9me3 are mutually exclusive \[[@pone.0230930.ref068]\]. It would be possible that individual histone modifications have different roles and that levels of histone modifications are determined by the balance among chromatin readers, writers and erasers. Therefore, further investigation is needed to determine which genome regions are targets of individual histone modifications and how aging changes these chromatin regulators in male germline cells.

It is not easy to elucidate the function of histone modifications and their changes through aging. However, progeria models can be used to determine aging-induced phenotypes and their underlying mechanisms. Hutchinson-Gilford progeria syndrome (HGPS) patients show premature aging, and cultured cells derived from HGPS patients exhibit increased levels of another repressive mark, H4K20me3, and a reduction of both H3K9me3 and H3K27me3 \[[@pone.0230930.ref069]\], i.e., histone modifications are inducing regions of heterochromatin \[[@pone.0230930.ref070]\]. Although this result seems to be rather puzzling based on our general knowledge about parallel regulation of H3K9me3 and H4K20me3, it might be considered that there are fewer heterochromatic regions in HGPS patients. Indeed, loss of heterochromatin is considered to be one of the mechanisms involved in aging \[[@pone.0230930.ref071], [@pone.0230930.ref072]\]. However, H3K27me2/3 was increased at most stages in the aged testis. A similar increase of H3K27me3 due to aging was observed in quiescent muscle stem cells \[[@pone.0230930.ref073]\]. Therefore, it may be reasonable to assume that the increase/decrease of H3K27me3 may depend on the tissue or cell type. One possible reason for these differences can be explained by the activities of histone methyltransferases or demethylases, some of which have tissue- or cell line-specific functions \[[@pone.0230930.ref074], [@pone.0230930.ref075]\]. Polycomb-repressive complex 2 (PRC2), which catalyzes the methylation of H3K27, transcriptionally represses somatic-specific genes and facilitates homeostasis and differentiation during mammalian spermatogenesis \[[@pone.0230930.ref076]\]. This specificity can be associated with different alteration patterns of histone modification in each tissue or cell line. Although it is known that PRC2's methyltransferase subunit, EZH1, establishes and maintains H3K27 methylation that is essential for spermatogenesis \[[@pone.0230930.ref077]\], it is unclear how the accumulation level of H3K27 methylation is increased and affects spermatogenesis in aging. Thus, it might be interesting to investigate the dynamics of histone modification writers and erasers involved in H3K27 methylation and influence spermatogenesis in aged mice.

The sex chromosomes seemed to be unique in their histone modifications. In this study, we confirmed the accumulation of H3K79me3 on the sex chromosomes in spermatocytes at M phase. A similar localization of H3K9me3 has been shown in a previous study \[[@pone.0230930.ref049]\]. Moreover, H3K27ac accumulated on the XY body and sex chromosomes in spermatocytes and in round spermatids, respectively. H3K79me2 also showed a signal on the sex chromosomes in round spermatids. We found that the intensity of these histone modifications specifically accumulated on the sex chromosomes and/or XY body were also affected by aging at certain stages. What do those results mean?

According to the database of genes associated with an autism risk (SFARI at June 25, 2019), the X chromosome has 81 risk genes, which is comparable to 95 and 89 risk genes on the larger chromosomes 1 and 2, respectively. It may be reasonable to assume that these three chromosomes have a large number of autism risk genes depending on their size. However, the X chromosome has 16 "syndromic" genes, whereas chromosomes 1 and 2 have only four and five, respectively. Enrichment of the autism risk genes, especially syndromic genes, on the X chromosome might explain more severe symptoms in female patients because the X chromosome of the father is unavoidably transmitted only to a daughter. Therefore, more detailed analyses would be interesting to focus on target genes of histone modifications that are located on the X chromosome.

Our results demonstrated aging-related alterations of histone modifications in spermatogenesis. In the literature, the possibility for the effect of paternal epigenetic factors on offspring's health is suggested \[[@pone.0230930.ref078]--[@pone.0230930.ref082]\]. Currently, there is no report explaining how the paternal epigenome is actually passed on to offspring. This will be a next important question regarding paternal impact on the physical conditions of offspring. Although most histone proteins are replaced with protamines during spermatogenesis, some histone modifications in sperm remain at promoter regions that are known to regulate embryonic development \[[@pone.0230930.ref010]\], and altered histone retention sites in sperm can be inherited by the next generation \[[@pone.0230930.ref011]\]. Further studies are needed to reveal the impact of paternal aging on epigenetic mechanisms that may have a transgenerational impact on the health and disease state of progeny.
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###### DNA fluorescence *in situ* hybridization (DNA-FISH) followed by immunofluorescence staining.

(DOCX)

###### 

Click here for additional data file.

###### Mean intensity of histone modification in male germline cells derived from young mice.

(DOCX)

###### 

Click here for additional data file.

###### Integrated intensity of DAPI signal in young mice.

Integrated intensity of DAPI signal stained with histone modification signal was measured. Each parenthesis represents the stage of spermatogenesis (see [Table 2](#pone.0230930.t002){ref-type="table"}.). Error bars show S.D.

(TIFF)

###### 

Click here for additional data file.

###### H3K79me3 localization on sex chromosomes in the spermatocyte at M phase.

\(a\) An illustrated overview shows subcellular localization of H3K79me3 (magenta). Lower panels show representative confocal images of H3K79me3 (magenta) and α-tubulin (green) in M phase cells (red square in the summarized illustration) in young and aged testes. Nuclei were counterstained with DAPI (blue). Each magnified image of the cells is indicated by the number shown in the box. (b) Representative confocal images of H3K79me3 (magenta) in M phase cells. Nuclei were counterstained with DAPI (blue). M phase cells are indicated with dotted lines and arrowheads. (c) Representative images of FISH show X (red) and Y (green) chromosomes in M phase cells on the same section as (b). Nuclei were counterstained with Hoechst (blue). The same M phase cells as seen in (b) are indicated with dotted lines and arrowheads.

(TIFF)

###### 

Click here for additional data file.
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Major comments:
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\- I did not find information about the number of mice analyzed in each group (young and aged, line 88 "Some mice were raised up to 5- or 12-months old "), nor about the methodology to 'semi quantify' IF level by ImageJ. It is therefore not possible to determine if the chosen statistical tests are appropriate. Besides, it would be best if the slides were randomized before analysis.

\- The comparison of pattern of expression obtained by IF is interesting and gives valuable qualitative information; yet the 'quantitative' comparison has some limits and it has been shown to sometimes produce results that are different from ChIPseq results. These limits should at least be discussed in light of the knowledge of histone PTM genomic localization obtained by ChIPseq analyses (cf. Moretti et al 2016).
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In this study, the authors evaluated in mice the impact of aging on the epigenetic profile of germ cells throughout spermatogenesis. It is a descriptive approach whose originality is to cover all the differentiated cells of the germinal lineage and to compare the adult young males (3 months) to the aged males (12 months).

The authors chose to follow a selection of eight post-transcriptional modifications (PTM) of histones H3 and H4 for their known roles in the regulation of gene expression (repression or activation).

This study is based exclusively on a histological approach (immunofluorescence on testis sections). The data presented are qualitative or semi-quantitative (measurement of fluorescence intensity). The comparison between the two ages reveals no difference in the localization of the labelling inside the germ cells. In contrast, differences in the intensity of the fluorescent labelling (decrease or increase) at different differentiation stages are observed and vary according to the PTM of the histone.

As claimed by the authors, these results shed a light on the aging as a cause of alterations of histones post-transcriptional modifications in the germ cells. However, this conclusion relies on only one experimental approach (immunofluorescence on testis sections) and at least in the actual presentation some of their conclusions are not fully supported by data. In particular, some illustrative image provided are not convincing, and above all, a rigorous description of the experimental procedures and a detailed explanation of the analyses of the data performed are missing.

In this context, major revisions are required to satisfy the main criteria of PLOS ONE concerning experiments (accurate description of methods, sample sizes and statistics).
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\- the number of testis sections or cells examined for each differentiation stage

\- the rational to categorized the staining intensity (to faint, fair, bright, very strong) or how it is related to the mean level of fluorescence intensity.

These all precisions are also required to assess adequacy of the statistic test chosen

2\) As the main conclusion of this study relies on the comparison between young and aged mice. The choice of the 12 months-old for aged males deserves to be explained and discuss in regard to the average life span of this mouse strain (28 months) and the criteria defining the efficiency of spermatogenesis (sperm count, fertility, impact on the offspring \...)

3\) The presence of the last paragraph of results is questionable. As indicated by the authors the accumulation of the H3K79me3 on sex chromosome have been already published (Ontoso D. et al. in Chromosoma, 2014) and the rational to present a replication of these results relies only on the use of a new protocol combining DNA-FISH and Immunofluorescence. The novelty of this protocol should be clarify by the authors and compare with others previously published (for exemple, Donati C.et al. Journal of Histochemistry &Cytochemistry, 2014).

Minor specific comment

Page 16-17: there is a discrepancy between the text of result and the corresponding Fig. 4 concerning the arrowheads 1 and 2 (pachytene) in the text, but (pre-leptotene/leptotene in the legend and the figure.

Fig.1 to Fig. 11: in all legend of these figure, the number 8 (M phase) is missing.

Fig. 8: the image chosen to illustrated the presence of H3K27me3 at leptotene (L(X) do not allow the visualization of the staining.

Fig.17 a: for Aged illustration the magnified image 1 is not correctly annotated as the two images seem different. Use of the tubulin antibody have to be explained in the legend.

Reviewer \#3: This paper profiles post-translational modifications of histone H3 in the male germline of the young and aged testes in mice via immunofluorescence. Although the authors present intriguing results regarding the profiling of these PTMs in spermatogenesis, there are a number of issues to be addressed.

Major

• The authors do not provide enough information regarding the quantitative analysis of imaging data. In particular:

o How many cells were taken for statistical analysis?

o Were the cells taken from one tubule or from several different?

o How many animals were used?

o What do the error bars reflect -- standard deviation or the standard error of the mean? How did the authors perform the statistical analysis?

o Which statistical criteria and tests were used?

o An example of how the images were masked in order to quantify signal in individual cell types should also be included to clarify what the signal measurements actually represent.

• There is a certain level of variability in the signal intensity of different antibodies used (especially, comparing fig. 2 and fig. 3) -- are these due to the differences in histone PTMs, or because of technical conditions used? The panels of immunofluorescence should also include a negative (no primary antibody) control. It would be advisable to perform a titration experiment for the working concentrations of antibodies, if it was not done.

• It is not entirely clear how the authors did the normalization of the signal. Did they compare the PTM signals to the intensity of DAPI? This is especially crucial for comparing the signals in elongating and elongated spermatids, where histone eviction is taking place. The best option would be to normalize signal intensity to H3 total level, although this is not mandatory.

• Bar plots are clearly not the best way to represent the data variability, since they do not allow to see the outliers, the median value, the quartiles, etc. Box or violin plots would provide a better summary of such data.

• The manuscript should provide all necessary information about the specificity of antibodies used or cite the papers where this has been shown.

• More comprehensive description of PTMs included into the study should be provided, as well as the age-related epigenetic changes in the germline. Please cite more studies in the field, such as Godmann et al. 2007; Jenkins et al. 2015, etc.

Minor

• First, the title of the manuscript doesn't suggest a specific method of analysis, although the whole study is based on immunofluorescence data. In order not to confuse the readers, it is advisable to make it clear in the title, since the profiling of H3 PTMs can be done by protein- and NGS-based techniques as well.

• The manuscript does not contain the profiling of the PTMs in spermatogonia cells, which represent important stages of spermatogenesis. It is advisable either to include them in the study, or, if not possible, to specify in the title the stages, which were included, so that the scope of the manuscript will be more clear.

• All figures have almost the same description, which is repeated 17 times and occupies a lot of space, even more than the results section.

• Presenting the images in grayscale would make visualization of signal intensity easier to detect by eye. Perhaps using black and white images for individual channels with the merged image in color.

• In the discussion, it would be nice to draw parallels about age-related DNA hypomethylation (Yoshizaki 2019 bioRxiv) and age-related changes in histone PTMs described in this paper, in particular, the decrease of active marks. Can this be related to the expression dynamics of chromatin readers, writers and erasers between the young and the old testes?

• English and typos might be improved.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0230930.r002

Author response to Decision Letter 0

3 Dec 2019

We checked that our manuscript meets PLOS ONE\'s style requirements.

Point-by-point responses for reviewer's comments

Reviewer \#1:

In their manuscript, Tatehana et al present the pattern of expression of several epigenetic marks (histone post translational modifications - PTM) during mouse spermatogenesis by immunofluorescence (IF) on adult testicular sections. They first describe the pattern of expression for each mark in young mice, and then present the differences between young (3-mo old) and old (12-mo old) mice. They conclude that there are some significant differences mainly related to changes in repressive marks and marks associated with the sex chromosomes.

The manuscript is well written (in an intelligible fashion) and the topic of the study (impact of aging on histone PTM in male germ cells) is very interesting but the methodology is not detailed enough to be able to conclude on whether or not there are significant changes.

We appreciate that the reviewer highly evaluated our manuscript.

Major comments:

\- The authors describe their observation in young mice but did not cite the many studies which have already described histone PTM pattern of expression during spermatogenesis. Such as (to cite only a few): Van der Heijden et al 2007, Khalil et al 2004, Song et al 2011, Dottermusch et al. 2014,...

If the authors' findings are novel in some way it would be interesting to talk about the data already published and discuss what novelty the present study adds.

As mentioned by Reviewer \#1, we agree that our references were insufficient for the discussion of our results. In the revised manuscript, we cited additional studies on histone PTM patterns during spermatogenesis. Our results are consistent with previous findings regarding H3K4me2/3, H3K9me3, and H3K79me in the young testis (p.12, lines 175-177). However, we further observed detailed dynamic patterns of alteration in histone modifications in the aged testis, in which some histone modifications showed changing patterns that were different from those in previous studies. This discrepancy is explained in p.35-36, lines 560-584.

\- In general the presentation of the current knowledge (state-of-the-art) in the field is not satisfying. For instance, Line 65, only Hammoud's reference is cited while the literature about the genomic localization of remnant histones is now abundant (and interesting to present because controversial). Another example is the citation about MSCI, which is not the most appropriate (since it is about reactivation of X gene expression after meiosis rather than MSCI process). It would be best to cite a recent review on the topic (such as Meiotic Silencing in Mammals, Turner JM. 2015)

We appreciate this comment and have included studies describing histone retention in sperm (Ooi et al.,2007; Chu et al., 2006; Gardiner-Garden et al., 1998; Wykes et al., 2003) in addition to Hammoud et al., (2009); however, histone retention by sperm is still controversial (p.5, lines 64-67). Interestingly, Ben Maamar et al. (2018) mentioned that some of the histone molecules can be retained in sperm and inherited by the next generation (p.5, line 67-68). We also cited other studies (Turner et al., 2015; Khalil et al, 2008) to discuss MSCI (p.32, line 506).

\- I did not find information about the number of mice analyzed in each group (young and aged, line 88 "Some mice were raised up to 5- or 12-months old "), nor about the methodology to 'semi quantify' IF level by ImageJ. It is therefore not possible to determine if the chosen statistical tests are appropriate. Besides, it would be best if the slides were randomized before analysis.

We revised our "Materials and Methods" section and have added more information, such as the sample size (p.10, lines 141-143). Although it would be ideal to randomize the samples, we prepared all samples simultaneously under the same conditions and analyzed them so that they were not biased.

\- The comparison of pattern of expression obtained by IF is interesting and gives valuable qualitative information; yet the 'quantitative' comparison has some limits and it has been shown to sometimes produce results that are different from ChIPseq results. These limits should at least be discussed in light of the knowledge of histone PTM genomic localization obtained by ChIPseq analyses (cf. Moretti et al 2016).

As mentioned by Reviewer \#1, there are limitations in semiquantitative analyses using immunostaining signals. However, it is simultaneously difficult to perfectly isolate various kinds of male germline cells within the testis and obtain enough amount for quantitative evaluation. For this reason, our approach was to analyze digital images of immunostained testes. Fortunately, we were able to observe detailed dynamics of histone modification during normal spermatogenesis. Additionally, we showed the accumulation of H3K9me3 and H3K27ac on sex chromosomes, which corresponds to the data shown in Moretti et al. (2016). Therefore, we think this is a reasonable approach for profiling and verifying the changes in histone modifications through aging. We added more discussion about this issue in p.33-34, lines 535-541.

Minor comments:

\- correct in the abstract the following sentence:

Line 22 "from young (3 months) and aged (12 months) old mice."

We corrected the sentence to "from young (3 months old) and aged (12 months old) mice." (p.2, line 23)

Reviewer \#2:

General comment

In this study, the authors evaluated in mice the impact of aging on the epigenetic profile of germ cells throughout spermatogenesis. It is a descriptive approach whose originality is to cover all the differentiated cells of the germinal lineage and to compare the adult young males (3 months) to the aged males (12 months).

The authors chose to follow a selection of eight post-transcriptional modifications (PTM) of histones H3 and H4 for their known roles in the regulation of gene expression (repression or activation).

This study is based exclusively on a histological approach (immunofluorescence on testis sections). The data presented are qualitative or semi-quantitative (measurement of fluorescence intensity). The comparison between the two ages reveals no difference in the localization of the labelling inside the germ cells. In contrast, differences in the intensity of the fluorescent labelling (decrease or increase) at different differentiation stages are observed and vary according to the PTM of the histone.

As claimed by the authors, these results shed a light on the aging as a cause of alterations of histones post-transcriptional modifications in the germ cells. However, this conclusion relies on only one experimental approach (immunofluorescence on testis sections) and at least in the actual presentation some of their conclusions are not fully supported by data. In particular, some illustrative image provided are not convincing, and above all, a rigorous description of the experimental procedures and a detailed explanation of the analyses of the data performed are missing.

In this context, major revisions are required to satisfy the main criteria of PLOS ONE concerning experiments (accurate description of methods, sample sizes and statistics).

We appreciate the comments by Reviewer \#2. We revised our summary illustration to show dynamic localization patterns of individual PTMs of histone H3. We also added a detailed description of the experimental procedures with the actual sample size and statistics. Details of each issue are as follows:

Major specific comment

1\) Technical procedures have to be detailed and clarified. This required a rigorous presentation of the following precisions:

\- the number of mice analysed (young and aged) for estimation of the sample size

\- the number of testis sections or cells examined for each differentiation stage

\- the rational to categorized the staining intensity (to faint, fair, bright, very strong) or how it is related to the mean level of fluorescence intensity.

These all precisions are also required to assess adequacy of the statistic test chosen

We have revised the "Materials and Methods" and "Results" sections on the following issues (p.10, lines 141-142, and p.10, lines 142-143, p.10, lines 143-145, respectively):

-The number of mice analyzed: we used four young and aged mice.

-The number of cells analyzed: we semiquantified 30-50 cells for each differentiation stage and each histone moiety.

-The criteria for scores of intensity: we scored the intensity of signals and normalized the data based on the signal in young cells. The scores were calculated as follows: -- (not detected), + (normalized intensity \<0.4), ++ (0.4-0.6), +++ (0.6-0.8), ++++ (0.8-1.0), or +++++ (1.0\<).

2\) As the main conclusion of this study relies on the comparison between young and aged mice. The choice of the 12 months-old for aged males deserves to be explained and discuss in regard to the average life span of this mouse strain (28 months) and the criteria defining the efficiency of spermatogenesis (sperm count, fertility, impact on the offspring \...)

We appreciate this comment. The current study aimed to investigate the influence of paternal aging on the next generation, thus we used male mice at a stage when fertility and litter size were not changed. We have previously examined the altered behavior of pups derived from \>12-month-old males (Yoshizaki et al., 2019, bioRxiv; Mai et al., 2019, bioRxiv) and obtained results consistent with those reported in other studies after analyzing the behaviors of adult offspring derived from aged males (Foldi et al., 2010; Janecka et al., 2015). Therefore, we used \>12-month-old mice as aged male mice. We added this description in p.23, lines 353-358.

3\) The presence of the last paragraph of results is questionable. As indicated by the authors the accumulation of the H3K79me3 on sex chromosome have been already published (Ontoso D. et al. in Chromosoma, 2014) and the rational to present a replication of these results relies only on the use of a new protocol combining DNA-FISH and Immunofluorescence. The novelty of this protocol should be clarify by the authors and compare with others previously published (for exemple, Donati C.et al. Journal of Histochemistry &Cytochemistry, 2014).

As mentioned, Ontoso D. et al. (2014) showed accumulation of H3K79me3 on sex chromosomes during diakinesis to metaphase spermatocytes. They used the SCP3 signal to identify sex chromosomes on spreads of cells. In our study, we used frozen sections to more clearly classify cells into individual stages of spermatogenesis, which makes it rather difficult to identify sex chromosomes using the SCP3 signal. For this reason, we performed DNA-FISH in this study, and we successfully detected the accumulation of H3K79me3 on sex chromosomes of spermatocytes from metaphase to anaphase, which provided novel evidence that has never been previously reported.

Although we searched carefully, we could not find the paper suggested by Reviewer \#2 (Donati C. et al. Journal of Histochemistry & Cytochemistry, 2014). Compared to other papers in which Immuno-FISH was used (Yang et al., Chromosoma, 2004; Zinner et al., Advances in Enzyme Regulation, 2007), we developed a novel method by which we performed FISH and immunostaining sequentially on the same section. While in other papers FISH probes are fixed after FISH, we did not do this. We took images after FISH, processed the sections for immunostaining by performing antigen retrieval with boiling citric acid, and took images of the immunostained sections. The images of FISH and immunostaining were then overlaid. We described the details in "Materials and Methods" (p.10-11, lines 150-165).

We consider the significance of our experiment not the novelty of the technique but the identification of sex chromosomes on the frozen section without using SCP3 signals as mentioned above. Our experiment was different from Ontoso et al. (2014) in terms of the stages (diakinesis-metaphase or metaphase-anaphase), material (spread cells or frozen tissues), and the method. With the result of this experiment, we finally succeeded in showing that the increase of H3K79me3 in M phase spermatocytes in the aged testis occurred on the sex chromosomes, in which various key genes for neurodevelopmental diseases exist.

Minor specific comment

Page 16-17: there is a discrepancy between the text of result and the corresponding Fig. 4 concerning the arrowheads 1 and 2 (pachytene) in the text, but (pre-leptotene/leptotene in the legend and the figure.

As mentioned, the number of pachytene cells was incorrect. The signal of H3K79me2 was observed in late pachytene cells, and we thus corrected the arrowheads 1 and 2 to 6 and 7, respectively. Subsequently, other numbers of the arrowheads were also corrected. Moreover, Fig. 1 to 4 were combined together and renamed as Fig. 1-1, Fig. 1-2, and so on, in this revision (p.15-16, lines 232-243).

Fig.1 to Fig. 11: in all legend of these figure, the number 8 (M phase) is missing.

We drastically revised the figure legends to reduce redundancy, and we added Table 2 to indicate each type of cell (including one labeled as 8). (p.17-18, lines 259-271).

Fig. 8: the image chosen to illustrated the presence of H3K27me3 at leptotene (L(X) do not allow the visualization of the staining.

We changed the image of H3K27me3 in the leptotene stage to a more appropriate image (Fig. 2-3a).

Fig.17 a: for Aged illustration the magnified image 1 is not correctly annotated as the two images seem different. Use of the tubulin antibody have to be explained in the legend.

We changed magnified image 1 in the aged testis (Fig. 5a). The �-Tubulin antibody was described in the legend corresponding to Fig. 5 (p.29, lines 454-464). We also added a list of antibodies (Table 1) on p.9.

Reviewer \#3:

This paper profiles post-translational modifications of histone H3 in the male germline of the young and aged testes in mice via immunofluorescence. Although the authors present intriguing results regarding the profiling of these PTMs in spermatogenesis, there are a number of issues to be addressed.

Major

The authors do not provide enough information regarding the quantitative analysis of imaging data. In particular:

o How many cells were taken for statistical analysis?

Were the cells taken from one tubule or from several different?

How many animals were used?

We used 30-50 cells for each histone PTM in each stage. The cells were chosen from several different tubules per mouse, and we used four mice per young or aged group. We subsequently revised the "Materials and Methods" section (p.10, lines 141-143).

What do the error bars reflect -- standard deviation or the standard error of the mean? How did the authors perform the statistical analysis? Which statistical criteria and tests were used?

In the previous version of our manuscript, each of the error bars showed the standard deviation in bar plots. In the revised manuscript, however, we adopted box plots to show the data. We compared the values of each histone modification of various male germ line cells between young and aged testes by Wilcoxon rank-sum tests. Details for statistics are added in Materials and Methods (p.11, lines 168-170).

An example of how the images were masked in order to quantify signal in individual cell types should also be included to clarify what the signal measurements actually represent.

We measured the mean intensity of the signal. Although we did not randomize the samples in the current study, we prepared all the samples simultaneously under the same conditions and analyzed them so that they were not biased.

First, we selected the "Region of Interest (ROI)" by identifying the nuclear area stained with DAPI. Then, the fluorescent intensity of DAPI and histone modifications in the ROI was measured, and the mean intensity was calculated for each signal (total signal intensity/nuclear area). The mean intensity of histone modifications was subsequently normalized to the mean intensity of the DAPI signal (mean intensity of antibody signal/mean intensity of DAPI signal). (p.9-10, lines 134-141)

There is a certain level of variability in the signal intensity of different antibodies used (especially, comparing fig. 2 and fig. 3) -- are these due to the differences in histone PTMs, or because of technical conditions used? The panels of immunofluorescence should also include a negative (no primary antibody) control. It would be advisable to perform a titration experiment for the working concentrations of antibodies, if it was not done.

As many researchers are struggling with handling antibodies, we carefully optimized the concentration of the antibodies by introducing negative controls in each experiment (We added negative control images in Fig. 1-1). Some antibodies showed weak signals even at a high concentration, and thus it was difficult to directly compare the level of individual histone modifications. However, the aim of our study was to compare the level of histone modification between young and aged testes. Therefore, we believe that the antibodies used in this study are appropriate for examining alterations in histone modifications during aging.

It is not entirely clear how the authors did the normalization of the signal. Did they compare the PTM signals to the intensity of DAPI? This is especially crucial for comparing the signals in elongating and elongated spermatids, where histone eviction is taking place. The best option would be to normalize signal intensity to H3 total level, although this is not mandatory.

We used DAPI signals to normalize signals from antibodies against histone modifications. The details are described in the "Materials and Methods" of the revised manuscript (p.9-10, line 134-141). We have tried the normalization using panH3 signals. However, the staining of panH3 was not successful because of the antibody we used.

Bar plots are clearly not the best way to represent the data variability, since they do not allow to see the outliers, the median value, the quartiles, etc. Box or violin plots would provide a better summary of such data.

We agree with this comment, and thus we adopted box plots with outliers using the R and ggplot2 packages in the revised manuscript. We now believe that the data variability is clearly demonstrated.

The manuscript should provide all necessary information about the specificity of antibodies used or cite the papers where this has been shown.

We used commercial antibodies with specificity that has already been confirmed. We added Table 2 on p.9, which is a list of the antibodies used and references for each.

More comprehensive description of PTMs included into the study should be provided, as well as the age-related epigenetic changes in the germline. Please cite more studies in the field, such as Godmann et al. 2007; Jenkins et al. 2015, etc.

We appreciate the comment and added more discussion. In our study, H3K4me2, H3K9me3 and H3K27me2/3 showed significant differences during almost all the processes of spermatogenesis, so we added discussion regarding these histone PTMs. We also discussed H3K4me2 in the revised version and included Godmann et al. (2007) (p.31, lines 485-499). Also suggested by Reviewer \#2, we included critical papers such as Jenkins et al. (2014) (p.38, lines 605-606). We now believe that the significance of the inheritance of the paternal epigenome is well discussed (p.31, lines 491-496, p.37-38, line 604-614).

Minor

First, the title of the manuscript doesn't suggest a specific method of analysis, although the whole study is based on immunofluorescence data. In order not to confuse the readers, it is advisable to make it clear in the title, since the profiling of H3 PTMs can be done by protein- and NGS-based techniques as well.

We agreed with the comment and revised the title as "Comprehensive histochemical profiles of histone modification in male germline cells during meiosis and spermiogenesis: Comparison of young and aged testes in mice".

The manuscript does not contain the profiling of the PTMs in spermatogonia cells, which represent important stages of spermatogenesis. It is advisable either to include them in the study, or, if not possible, to specify in the title the xstages, which were included, so that the scope of the manuscript will be more clear.

We also have great interest in PTMs in spermatogonia. In the current study, however, we focused on the meiotic stages of spermatocytes because chromatin remodeling is quite active during this period. Technically, we could not find a good marker to simultaneously identify spermatogonial cells and various histone modifications using double staining. In the revised manuscript, we stated that we specified the stages of cells that we analyzed from preleptotene cells to elongated cells (p.12, lines 179-181).

All figures have almost the same description, which is repeated 17 times and occupies a lot of space, even more than the results section.

According to the suggestion by Reviewer \#3, Fig. 1 to 5 (inactive marks) were combined into Fig. 1-1 to 1-5, and Fig. 6 to 8 (active marks) were combined into Fig. 2-1 to 2-3 based on the function of histone modifications. Similarly, Fig. 9 to 13 were combined into Fig. 3-1 to 3-5, and Fig. 14 to 16 were combined into Fig. 4-1 to 4-3. This revision of the figures enabled simplification of the corresponding legends. Moreover, explanations of abbreviation and numbers are summarized in Table 2, so redundant sentences were deleted from the figure legends.

Presenting the images in grayscale would make visualization of signal intensity easier to detect by eye. Perhaps using black and white images for individual channels with the merged image in color.

We appreciate this suggestion and added new grayscale images in Figs. 1 through 4. The images show histone modification signals in both young and aged groups to more clearly indicate signal intensity and localization.

In the discussion, it would be nice to draw parallels about age-related DNA hypomethylation (Yoshizaki 2019 bioRxiv) and age-related changes in histone PTMs described in this paper, in particular, the decrease of active marks. Can this be related to the expression dynamics of chromatin readers, writers and erasers between the young and the old testes?

Thank you for the constructive suggestion. We added a description to compare the age-related DNA hypomethylation and histone modifications in the Discussion section on p.34-35, lines 543-558. Previously, we reported that sperm derived from aged mice have more hypomethylated regions in their genome than those of young mice (Yoshizaki et al., bioRxiv, 2019). Here, we showed a drastic decrease in H3K4me2 in aged mice (an active mark). Initially, these results seems to be contradictory. However, DNA hypomethylation was observed more frequently in "gene body" regions, not in "promotor" regions. Since DNA methylation does not always inactivate transcription, methylation in the gene body is reported to be related to transcriptional activation (Rose NR et al., 2014). Therefore, our results seem to be consistent.

Although it is not confirmed in the testis, our methylome analysis in the sperm revealed that KDM1a was hypomethylated near the transcription start site. Since KDM1a demethylates H3K4 and H3K9, the present result are reasonable.

Moreover, we showed a drastic decrease in H3K4me2 (an active mark) and H3K9me3 (a repressive mark) and a drastic increase of H3K27me2/3 (a repressive mark), which also seems to be contradictory. This seems to be reasonable in regard to a recent report that indicated that H3K27me2/3 and H3K9me3 are mutually exclusive (Zhang T et al., 2015). We also think this is because of the difference in their roles. Therefore, further investigation is needed to determine which genome regions are targeted by histone modifications. Furthermore, since the level of histone modifications is determined by the balance among chromatin readers, writers and erasers, it is necessary to verify how these factors change with aging.

English and typos might be improved.

In the revised manuscript, the entire text has been checked by a native English editor.
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Dear Dr. Osumi,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

There are still concerns on the number of cells used, the staining procedure and its quantification and statistical analyses.

We would appreciate receiving your revised manuscript by Feb 14 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.
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Suresh Yenugu

Academic Editor
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1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This reviewer appreciate the efforts made by the authors to clarify their experimental procedure. Yet I still have major concerns about it.

1\) The authors indicate that "Cells from multiple tubules were measured per testis, and four different young (3 months old) or aged (12 months old) mice were used, yielding 30-50 cells to be analyzed in total."

which I understand to be 4 young males and 4 aged males: 50 cells in total in the 8 different animals or per animal ? because if it is 50 cells in total, this means, on average 6 cells per animal (per type of cells) which is clearly not enough.

2\) I am questioning the quantification protocol. The reasoning behind using DAPI to normalize the antibody signal is unclear to me. Indeed, if there are problems of antibody accessibility or homogeneity within different regions of the slide/section during antibody incubation, they would not be picked up by DAPI staining, which is much more robust than antibody staining (and occurs at the end of the experimental procedure, not in parallel with antibody incubation).

3\) Now that data as shown as box plots, one can see outliers as individual dots (sometimes more than 4 per group), and here I am confused because to me the correct way to measure statistical significance is to count (many) cells per individual, calculate the mean intensity, and plot the value obtained per male, and not individual cell values. But according to this figure, this is not how the authors perform their analysis.

Again, the topic of the study (impact of aging on histone PTM in male germ cells) is very interesting but to me the methodology (quantification method, sample size, statistical analyses) is not accurate to be able to conclude on whether or not there are significant changes.

Reviewer \#2: In this revised version, the authors provided the important and indispensable informations that were missing previously in paragraph of material and methods. Furthermore, changes introduced in every parts of the manuscript (title, summary, introduction, results, discussion and references) as well as a novel presentation of the experimental data (modification of figures, new table) have considerably improved this new version.

Nevertheless, to satisfy to the PLOS ONE criteria for publication, some modifications have to be introduced again in this revised version. Concerning the semi-quantitative analysis of the fluorescence intensity, explanations given on the experimental procedure, may allow a new presentation for the young males in Figure 1, with the indication of the mean of the fluorescence intensity by stage of differentiation. This would provide and complete the grayscale images of histone marks by a semi-quantitative data. Indeed, these experimental data are not accessible directly in the current presentation, because they are used indirectly through a normalization for the comparison between young and old males in Fig. 3. These data could be added in a modified Figure 1, or at least be accessible as supplementary data.

In their reply, the authors failed to convince (reviewer 2) of the need to maintain a third paragraph of results (H3K79me3 on sex chromosome). As already mentioned, the co-localization of the H3K79me3 mark on XY chromosomes has been documented in metaphase and also suggested in round spermatids in the same publication (Ontoso D. et al., 2014). If the experimental approach developed by the authors (Immuno-FISH) does not justify, according to the authors themselves the novelty of the results presented, these data have to find their place in the supplemental data.

I (reviewer 2) owe you all my apologies for the errors introduced in the reference of publication previously cited for the protocol combining immunofluorescence and DNA-FISH. The right reference is: Donati C. et al, 2004 Journal of Histochemistry & Cytochemistry

PMID: 15385579

DOI: 10.1177/002215540405201009

Finally, some indications for minor modifications are the following:

Page 10

\- line 143, 30-50 cells ... to be analyzed for each stage and each histone moiety.

\- line 146 : complete the citation for R and ggplot2 (check exemple above)

To cite ggplot2 in publications, please use:

\- H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York, 2016.

Page 11

line 169: complete the citation for JMP and the following link is suggested

<http://www.jmp.com/support/notes/35/282.html>

Fig. 3

Line 389: correct the mistake in the legend because there is no arrowhead present in this figure.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0230930.r004

Author response to Decision Letter 1

29 Feb 2020

Point-by-point responses for reviewer's comments

Reviewer \#1:

This reviewer appreciate the efforts made by the authors to clarify their experimental procedure. Yet I still have major concerns about it.

1\) The authors indicate that "Cells from multiple tubules were measured per testis, and four different young (3 months old) or aged (12 months old) mice were used, yielding 30-50 cells to be analyzed in total."

which I understand to be 4 young males and 4 aged males: 50 cells in total in the 8 different animals or per animal ? because if it is 50 cells in total, this means, on average 6 cells per animal (per type of cells) which is clearly not enough.

We apologize that our previous text was misleading. Since a certain type of cells, e.g., leptotene spermatocytes, in the testis were very small in number compared with other types of cells, we measured intensity of additional cells in the testis to obtain the same number of cells to be analyzed. We selected 50 cells for each cell type from four mice to make each box plot. Five to 15 cells (depends on cell types) from 2 or 3 tubules per mice were counted. Finally, we totally analyzed 50 cells for 12 cell types each in a group (for example, 600 cells in young and aged groups, respectively) (p. 10, lines 148-152), and confirmed that our results showed almost the same tendency as in the previous manuscript.

2\) I am questioning the quantification protocol. The reasoning behind using DAPI to normalize the antibody signal is unclear to me. Indeed, if there are problems of antibody accessibility or homogeneity within different regions of the slide/section during antibody incubation, they would not be picked up by DAPI staining, which is much more robust than antibody staining (and occurs at the end of the experimental procedure, not in parallel with antibody incubation).

In our immunostaining procedures, all the slides for each histone modification staining were treated simultaneously under the same condition with a great care to ensure that the staining was uniform. Together with the antibody against each histone modification, we used the one against SCP3, a spermatocyte marker, to check the staining was uniform among tubules and to evaluate stages of the testis tubes. Since SCP3 showed robust staining as shown in Figs. 1 and 2, we assessed that our experimental procedures were suitable to obtain stable signals of each histone modification in male germline cells in both young and aged testes. The quality of the histone modification antibodies has been ensured in previous studies (see references listed in Table 1).

To reduce variable parameter, we used DAPI signal to normalize the histone modification signals in all the stage including elongating and elongated spermatids, which had already been agreed with Reviewer \#3. It is difficult to normalize with pan H3 in elongating and elongated spermatids because histone-to-protamine replacement is taking place during these stages.

In this revision, we presented the total DAPI signal intensity at each spermatogenesis stage as supporting information (S2 Fig). Total intensity of DAPI signal dropped half between stage P(X) and R(I), where DNA amount in pachytene spermatocytes becomes half in the round spermatid (after meiosis), indicating that total DAPI signal intensity reflects changes in DNA amount. The DNA amount was variable in the preleptotene and metaphase spermatocytes, where DNA synthesis and chromosomal segregation occurs, respectively. From these results, we thought that the normalization by DAPI signal intensity would be reasonable as a stable standard for normalizing histone modification alteration throughout spermatogenesis (even after protamine replacement). Certainly, this method is semi-quantitative because a net amount of histone and the ratio of histone modification to the total histone is unknown. That is a reason that we had to present histone amount in aged mice as a relative intensity against to the histone amount in young mice. Changes in the net amount of histone during aging are also interesting but it requires further studies in the future. We added the explanation in Materials & Methods (p. 10, line 142-147).

The similar procedures have been applied in other studies (e.g., Ferguson et al., PLoS One, 2013.); the reference is added in the Materials & Methods (p. 10, line 140), and in References.

3\) Now that data as shown as box plots, one can see outliers as individual dots (sometimes more than 4 per group), and here I am confused because to me the correct way to measure statistical significance is to count (many) cells per individual, calculate the mean intensity, and plot the value obtained per male, and not individual cell values. But according to this figure, this is not how the authors perform their analysis.

Again, the topic of the study (impact of aging on histone PTM in male germ cells) is very interesting but to me the methodology (quantification method, sample size, statistical analyses) is not accurate to be able to conclude on whether or not there are significant changes.

We appreciate this encouraging comment from the reviewer, and do hope our re-revision including re-analyses and reforming of data presentation would satisfy him/her.

For the style of data presentation, we did consider the style to show the values per male mice as proposed by this reviewer. We had discussed with the co-authors during our re-revision process, and we have finally adopted the current presentation style, showing scores per cells over the box plots, for the following reasons. First, our ultimate goal is to understand molecular mechanisms that underlie risks for neurodevelopmental diseases of children from the paternal side. We are wondering that altered histone modification in sperm cells could be one of such mechanisms. Since only one sperm cell will eventually be fertilized to develop a new individual, it would not be meaningful to discuss on the mean intensity of the cells per animal; it would mask individual changes in each sperm cell. Actually, the outliers were derived from different male mice. It could be possible that the cells/stages with several outliers could be critical timings vulnerable to alteration of histone modification during spermatogenesis.

Thus, we accordingly modified the text in Materials & Methods (p. 10, lines 147-148), Results (p. 23, lines 354-356), Figure Legends (p. 26, lines 405-406 and p. 28, lines 436-437), and Discussion (p. 30, lines 452-455 and p. 30, lines 460-463).

Reviewer \#2:

In this revised version, the authors provided the important and indispensable informations that were missing previously in paragraph of material and methods. Furthermore, changes introduced in every parts of the manuscript (title, summary, introduction, results, discussion and references) as well as a novel presentation of the experimental data (modification of figures, new table) have considerably improved this new version.

Nevertheless, to satisfy to the PLOS ONE criteria for publication, some modifications have to be introduced again in this revised version. Concerning the semi-quantitative analysis of the fluorescence intensity, explanations given on the experimental procedure, may allow a new presentation for the young males in Figure 1, with the indication of the mean of the fluorescence intensity by stage of differentiation. This would provide and complete the grayscale images of histone marks by a semi-quantitative data. Indeed, these experimental data are not accessible directly in the current presentation, because they are used indirectly through a normalization for the comparison between young and old males in Fig. 3. These data could be added in a modified Figure 1, or at least be accessible as supplementary data.

We appreciate this comment from Reviewer \#2. We added S1 Table to show the mean intensity of each type of the cells in the young group as Supporting Information (p. 48, line 849).

In their reply, the authors failed to convince (reviewer 2) of the need to maintain a third paragraph of results (H3K79me3 on sex chromosome). As already mentioned, the co-localization of the H3K79me3 mark on XY chromosomes has been documented in metaphase and also suggested in round spermatids in the same publication (Ontoso D. et al., 2014). If the experimental approach developed by the authors (Immuno-FISH) does not justify, according to the authors themselves the novelty of the results presented, these data have to find their place in the supplemental data.

I (reviewer 2) owe you all my apologies for the errors introduced in the reference of publication previously cited for the protocol combining immunofluorescence and DNA-FISH. The right reference is: Donati C. et al, 2004 Journal of Histochemistry & Cytochemistry

PMID: 15385579

DOI: 10.1177/002215540405201009

We agreed that there is no novelty in our data showing H3K79me3 on the sex chromosomes even though our Immuno-FISH method was newly developed. In the re-revised version, the data were shown as Supporting Information (S3 Fig, p. 25, lines 379-392 and p. 48, line 859-p. 50, line 889).

Finally, some indications for minor modifications are the following:

Page 10

\- line 143, 30-50 cells ... to be analyzed for each stage and each histone moiety.

We changed the words as Reviewer \#2 suggested (p.10, line 150).

\- line 146 : complete the citation for R and ggplot2 (check exemple above)

To cite ggplot2 in publications, please use:

\- H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York, 2016.

Thank you for suggesting us a suitable reference. We revised the citation for R and ggplot2 by referring the paper suggested (p. 11, lines 154-155).

Page 11

line 169: complete the citation for JMP and the following link is suggested

<http://www.jmp.com/support/notes/35/282.html>

We checked the link and revised the citation for JMP (p. 11, lines 162-163).

Fig. 3

Line 389: correct the mistake in the legend because there is no arrowhead present in this figure.

We appreciate Reviewer \#2's indication for the mistake that we inadvertently overlooked. We corrected the mistake in the legends of Fig 3 as well as of Fig 4 (p. 26, lines 402-403 and p. 28, lines 433-434, respectively).

###### 

Submitted filename: Response to Reviewers.docx

###### 

Click here for additional data file.

10.1371/journal.pone.0230930.r005
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Comprehensive histochemical profiles of histone modification in male germline cells during meiosis and spermiogenesis: Comparison of young and aged testes in mice

PONE-D-19-23798R2

Dear Dr. Osumi,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Suresh Yenugu

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: (No Response)

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: (No Response)

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: (No Response)

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: (No Response)

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

10.1371/journal.pone.0230930.r006
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PONE-D-19-23798R2

Comprehensive histochemical profiles of histone modification in male germline cells during meiosis and spermiogenesis: Comparison of young and aged testes in mice

Dear Dr. Osumi:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Suresh Yenugu

Academic Editor

PLOS ONE
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